Geobacter sulfurreducens uses at least two different pathways to transport electrons out of the 27 inner membrane quinone pool before reducing acceptors beyond the outer membrane. When growing 28 on electrodes poised at oxidizing potentials, the CbcL-dependent pathway operates at or below redox 29 potentials of -0.10 V vs. the Standard Hydrogen Electrode (SHE), while the ImcH-dependent pathway 30 operates only above this value. Here, we provide evidence that G. sulfurreducens also requires different 31 electron transfer proteins for reduction of a wide range of Fe(III)-and Mn(IV)-(oxyhydr)oxides, and must 32 transition from a high-to low-potential pathway during reduction of commonly studied soluble and 33 insoluble metal electron acceptors. Freshly precipitated Fe(III)-(oxyhydr)oxides could not be reduced by 34 mutants lacking the high potential pathway. Aging these minerals by autoclaving did not change their 35 powder X-ray diffraction pattern, but restored reduction by mutants lacking the high-potential pathway. 36
when electrodes are poised at redox potentials above this value. As mutants lacking each pathway only 68 grow with electrodes poised above or below these thresholds, cells containing only CbcL or ImcH might 69 also be able to be used as 'sensors' to report the redox potential of an extracellular electron acceptor 70 such as a metal (oxyhydr)oxide. As it is difficult to determine the effective redox potential of these 71 minerals (Sander et al., 2015) , such information could aid laboratory characterization, and provide 72 evidence that bacteria use different pathways for different metals in the environment. 73
The discovery of multiple inner membrane pathways is based on work with electrodes held at 74 constant potentials, but poses many questions regarding G. sulfurreducens' interactions with more 75 complex mineral substrates. Does the organism transition from one pathway to the other as simple 76 environmental factors such as Fe(II):Fe(III) ratios alter redox potentials? Do manipulations known to 77 alter redox potential, such as pH or particle size, also influence the pathway utilized? As this +/-0.5 V 78 redox potential range represents nearly 50 kJ per mol of electrons transferred, do different electron 79 transfer mechanisms allow higher yield of this microbe? 80
Here, we demonstrate that G. sulfurreducens requires both the CbcL-and the ImcH-dependent 81 electron transfer pathways for complete reduction of a variety of Fe and Mn minerals. By using mutants 82 only able to function above or below specific redox potentials, we show that minerals often used for 83 study of extracellular electron transfer begin as 'high' potential electron acceptors reducible by the 84 ImcH-dependent pathway, but transition during reduction to 'low' potential electron acceptors requiring 85 the CbcL-dependent pathway. Simple variations in mineral handling such as autoclaving, or pH changes 86 that alter redox potential by 30 mV, can alter the electron transfer pathway required by the organism, 87
further showing that bacteria respond to subtle changes in mineral redox potentials. These data 88 highlight the complexity of studying growth with minerals, and suggests that the proteins used for 89 electron flow out of G. sulfurreducens are more strongly influenced by redox potential than the crystal 90 structure, aggregation behavior, or even solubility of the terminal acceptor. 91 92
Materials and methods: 93
Bacterial strains and culture conditions: Strains of Geobacter sulfurreducens used in this study 94 are described in Table 1 . All strains were routinely cultured from freezer stocks stored at -80 degrees 95 AlK(SO 4 ) 2 •12H 2 O, 0.005g/L H 3 BO 3 , 0.09 g/L Na 2 MoO 4 , 0.12 g/L NiCl 2 , 0.02 g/L NaWO 4 •2H2O, and 0.1 g/L 101 Na 2 SeO 4 was also added. Fumarate (40 mM) was used as an electron acceptor for growth of initial stocks 102 picked from colonies, and acetate (20 mM) was used as the sole electron and carbon source. Unless 103 otherwise noted, the pH of the medium was adjusted to 6.8 and buffered with 2 g/L NaHCO 3 , purged 104 with N 2 :CO 2 gas (80%/20%) passed over a heated copper column to remove trace oxygen, and 105 autoclaved for 20 minutes at 121 degrees Celsius. 106
Here Table 1 107

Growth of G. sulfurreducens with Fe(III)-citrate and continuous redox potential monitoring-108
Minimal medium containing 20 mM acetate as the carbon and electron donor and ~80 mM Fe(III)-citrate 109 as the electron acceptor was added to sterile bioreactors constructed as previously described, using 110 both working and counter electrodes bare platinum wire approximately 2 cm in length. The headspace 111 of each reactor was purged with anaerobic and humidified N 2 :CO 2 (80%/20%) gas. Calomel reference electrodes were used, and a solution of 0.1 M NaSO 4 stabilized with 1% agarose separated from the 113 medium by a vycor frit provided a salt bridge between the reference electrode and the growth medium. 114
The working volume of the bioreactors was 15 ml. A 16-channel potentiostat (VMP; Bio-Logic, Knoxville, 115 TN) using the EC-lab software (v9.41) was used to measure the open circuit voltage between the 116 working and reference electrode every 500 seconds, providing a continuous readout of the redox 117 potential in the medium. After redox potential was stable for at least 5 hours, stationary phase cells 118 were added to each bioreactor at a 1:100 v/v inoculum size and the change in redox potential was 119 measured over time. When co-cultures were used, and equal volume of cells was added for each strain 120 (i.e., 1:100 each of ΔcbcL and ΔimcH was added after the voltage was stable). 121 X-ray diffraction (XRD) measurements: Approximately 0.2-0.5 g of untreated bulk mineral 122 sample or 2.5 ml of mineral suspension in medium were analyzed by powder XRD. Minerals in basal 123 media were separated from suspension by filtration (0.22 μm) in an anaerobic chamber (Coy Laboratory 124 Products) under a N 2 :CO 2 :H 2 (75%:20%:5%) atmosphere, and stored in sealed mylar bags at -20 degrees 125
Celsius prior to analysis. Diffractograms were measured from using 20° to 89° (2Θ) range, a step size of 126 0.02 2Θ, and a dwell of 0.5°/minute using a Rigaku MiniFlex ASC-6AM with a Co source. The resulting 127 diffractograms were background subtracted, and phases were identified using Jade v9.1 software (MDI, 128 Inc.). 129 & Loeppert, 1998). The resulting mineral prior to its addition to medium and autoclaving ("untreated 136 mineral") was identified as akaganeite (β-FeOOH) by powder X-ray diffraction. Washing this "untreated 137 mineral" samples with up to three additional volumes of de-ionized and distilled water did not change 138 the XRD pattern of the mineral or the reduction phenotypes observed. For all minerals, "untreated" 139 refers to the mineral suspension in MiliQ water prior to addition to medium and autoclaving, "fresh" 140 refers to the mineral suspension in medium, and "autoclaved" samples result from adding the 141 "untreated" minerals to medium and autoclaving (ie, autoclaving the "fresh" samples). were allowed to settle for 1 hour, and the supernatant carefully decanted. Solids were washed by centrifuging at 3,700 x g and suspending in 1 volume of de-ionized and distilled water. The product was 159 concentrated by a final centrifugation at 3,700 x g for 5 minutes and resuspension in 1/20 the initial 160 volume. XRD identified this initial product as schwertmannite, though subsequent addition to media at 161 neutral pH values and autoclaving rapidly altered the mineral form. 162 Iron reduction assays: Basal media were prepared as above with some modifications. Fumarate 163 was omitted as the Fe(III)-(oxyhydr)oxides were desired as the sole electron acceptor. NTA free trace 164 mineral mix (in which all components were first dissolved in a small volume of HCl) was used in order to 165 eliminate exogenous chelating compounds from the media. All media were purged with N 2 :CO 2 gas 166 (80%:20%) passed over a heated copper column to remove trace oxygen. Where indicated, media were 167 autoclaved for 20 minutes at 121 degrees Celsius on a gravity cycle, and were immediately removed to 168 cool at room temperature in the dark. As is standard for G. sulfurreducens medium containing Fe(III)-169 (oxyhydr)oxide (Caccavo et al., 1994) , additional NaH 2 PO 4 •H 2 O (to a final concentration of 0.69 g/L) was 170 added prior to autoclaving, as more recalcitrant and less reducible forms of Fe(III)-(oxyhydr)oxide will 171 form when autoclaved without additional phosphate. For fresh akaganeite and 2-line ferrihydrite, 1 ml 172 of the Fe-(oxyhydr)oxide suspension was added to 9 ml of basal medium. The final pH was adjusted by 173 altering the pH of the basal medium prior to mineral addition and by altering the concentration of 174 NaHCO 3 used prior to purging with anaerobic N 2 :CO 2 gas (80%/20%). For goethite, an 88 g/L suspension 175 was made in de-ionized and distilled water and 1 ml of this suspension was added to 9 ml of basal 176 medium. The resulting medium had an effective Fe total concentration of ~20 mM as determined by fully 177 reducing an acidified sample with hydroxylamine and measuring the resulting Fe(II) using a modified 178 Because it is difficult to measure the effective redox potential of metal (oxyhydr)oxides (Sander 222 et al., 2015) , the redox potential of cultures undergoing active reduction of soluble Fe(III)-citrate was 223 first monitored for each strain (Figure 1 ). While the wild type reduced Fe(III) completely to Fe(II), 224 achieving a redox potential of -0.255 V vs. SHE, the ΔcbcL mutant strain (lacking the low-potential 225 system) was unable to reduce all Fe(III), and the redox potential only lowered to -0.15 V. The ΔimcH 226 mutant strain (lacking the high potential system) was unable to reduce Fe(III) when inoculated into the 227 high-potential environment. When both ΔcbcL and ΔimcH mutant strains were inoculated into the same 228 reactor, redox potential decreased with similar kinetics as the ΔcbcL strain, but continued on to a final 229 value similar to wild type. This was consistent with the ΔcbcL mutant strain first reducing Fe(III), until the 230 redox potential was low enough to be usable by the ΔimcH mutant. This hard transition from where the 231 ΔcbcL and ΔimcH mutant strains could actively reduce Fe(III) occurred in a range (between 0 and -0.1 V) 232 was similar to the theoretical potentials of many Fe(III)-(oxyhydr)oxides. With that observation that 233 these mutants behaved with Fe(III) citrate in a manner comparable to electrodes, we hypothesized that 234 mutants lacking the ImcH-and CbcL-dependent electron transfer pathways would respond similarly 235 when exposed to commonly used metal (oxyhydr)oxides. 236
Here Figure 1 electron acceptors is straightforward, the redox potential of Fe(III)-(oxyhydr)oxides in this range is not 244 easy to predict or measure (Sander et al., 2015) . Aging (accelerated by autoclaving or freeze drying) can 245 increase particle size and lower redox potential, or drive re-crystallization to lower redox potential forms 246 Thamdrup, 2000) . 251
To test the hypothesis that G. sulfurreducens also utilizes ImcH-vs. CbcL-dependent pathways to 252 reduce minerals on the basis of redox potential, we prepared Fe(III)-(oxyhydr)oxides by slow 253 precipitation of FeCl 3 with NaOH (Lovley & Phillips, 1986) , and characterized minerals before and after 254 addition to medium using powder XRD. While Fe(III)-(oxyhydr)oxides prepared in this manner are often 255 referred to as "poorly crystalline" or "amorphous", all XRD signatures of our slow-precipitation 256 preparations were consistent with akaganite (β-FeOOH) ( Figure 2E ). Because the β-FeOOH/Fe(II) redox 257 couple has a formal midpoint potential near -0.10 V vs. SHE (Majzlan, 2012), a fully oxidized suspension 258 of akaganeite would initially have a redox potential well above 0 V vs SHE, and theoretically require only 259 the 'high' potential pathway of G. sulfurreducens. 260
When wild-type, ΔimcH, and ΔcbcL strains were incubated with akaganeite that had not been 261 autoclaved (labeled as "Fresh"), wild-type cultures reduced the provided Fe(III)-(oxyhydr)oxide over the 262 course of 15 days. The ΔcbcL cultures containing the high-potential pathway initially reduced fresh 263 akaganeite at rates similar to wild type, but reduction slowed as Fe(II) accumulated, and the 264 concentration of Fe(II) never reached the extent of wild type. In contrast, ΔimcH cultures lacking the 265 high potential pathway demonstrated a substantial lag, remaining near background for 7 days ( Figure  266 2A). Once metal reduction began, ΔimcH cultures were able to reach the final extent observed in wild 267 type. 14 day cell free controls did not exhibit any observable Fe(III)-(oxyhrdr)oxide reduction. 268
Medium containing akaganeite was then autoclaved, a treatment predicted to lower redox 269 potential due to accelerated aging. Both wild type and ΔcbcL performed similar to the fresh, un-270 autoclaved sample, but the lag observed with ΔimcH was now much shorter, consistent with a lower 271 redox potential ( Figure 2B ). Despite the change in the ΔimcH Fe(III)-(oxyhydr)oxide reduction phenotype, the XRD pattern before and after autoclaving was similar ( Figure 2E ). Such a lack of XRD 273 alteration in response to autoclaving has been previously noted (Hansel et al., 2015) . This suggests that 274 phenotypic changes were due to mineral alteration outcomes not detected by powder XRD, such as 275 short-range structural order or particle aggregation, that lowered effective redox potential and allowed 276 growth of the ΔimcH strain lacking the high-potential pathway. 277
Reduction phenotypes also respond to changes in medium pH that alter redox potential 278
The lag in extracellular electron transfer by ΔimcH, in contrast to immediate reduction by ∆cbcL, 279 suggests that fresh akaganeite has an initial redox potential greater than -0.10 V vs. SHE. Based on this 280 hypothesis, after many days, a small amount of Fe(II) accumulates, and potential drops into a range 281 reducible by ΔimcH. If aging fresh akaganite by autoclaving shortened the lag in Figure 2B by lowering 282 redox potential, then manipulations designed to raise redox potential should extend this lag or prevent 283
ΔimcH from reducing akaganeite altogether. 284
When the pH of basal medium containing akaganeite was adjusted to 6.3 (raising the redox 285 potential ~30 mV (Kostka & Nealson, 1995; Majzlan, 2012; Thamdrup, 2000) ), near complete inhibition 286 of reduction by ΔimcH was observed ( Figure 2C ). Autoclaving pH 6.3 akaganeite medium was not 287 sufficient to restore the reduction phenotype of ΔimcH, but it did aid reduction by ∆cbcL ( Figure 2D ). As 288 before, autoclaving at 6.3 did not substantially alter the XRD pattern of the mineral provided ( Figure 2E ). 289 Importantly, wild type, ΔimcH, and ΔcbcL grew without significant defects at pH values of 6.3 or 6.8 in 290 control experiments containing fumarate as the sole terminal electron acceptor (Table 1) . Based on 291 these results, when akaganeite is autoclaved, the initial redox potential is likely lowered closer to -0.10 V 292 vs. SHE, permitting operation of the CbcL-dependent, low-potential pathway. Fresh akaganeite, 293 especially at pH 6.3, behaves consistent with a redox potential of 0 V or greater, thus preventing 294 reduction by cells containing only the low-potential pathway.
These two experiments, using aging to reduce redox potential and pH to raise redox potential, 297 caused changes in ∆imcH phenotypes that provided new evidence that G. sulfurreducens discriminates 298 between extracellular electron acceptors independent of the mineral properties accessed by powder 299 XRD. They also pointed to best practices for medium preparation in order to obtain consistent results if 300 the phenotype is sensitive to the redox potential of the environment. The amount of Fe(II) accumulated 301 after 7 days provided a repeatable readout of the ability of a G. sulfurreducens strain or mutant reduce a 302
given Fe(III)-(oxyhydr)oxide. According to this assay, the more Fe(II) produced in 7 days by an ∆imcH 303 mutant, the lower the initial redox potential of the mineral likely was. 304
Other mineral forms consistent with a multiple-pathway model 305
Additional Fe(III)-(oxyhydr)oxide minerals were then synthesized to test interactions of these 306 variables. When schwertmannite was synthesized using a rapid precipitation method (Regenspurg et al., 307 2004), the mineral was stable at pH values below pH 4.0 and its structure could be confirmed by XRD. 308
However, abiotic transformation of schwertmannite to other mineral forms is accelerated at pH values 309 greater than 4.5 (Blodau & Knorr, 2006 ) and analysis of XRD patterns after schwertmannite was added 310
to Geobacter growth medium revealed rapid formation of XRD-amorphous minerals ( Figure 3E ), though 311 structural information may be elucidated with more powerful techniques such as synchrotron EXAFS. 312
Reduction phenotypes suggested this fresh mineral also produced a redox potential near 0 V vs. SHE, as 313 cells lacking the high potential pathway (ΔimcH) showed a lag at pH 6.8, which was shorter after the 314 mineral was autoclaved ( Figure 3B ). Reduction by ΔimcH was worst when the redox potential was 315 further raised by buffering to pH 6.3 ( Figure 3C ), while autoclaving pH 6.3 medium allowed a small 316 amount of Fe(II) accumulation that ended the lag after >8 days. These patterns with schwertmannite-317 based minerals were similar to those observed with akaganite.
When Fe(III)-(oxyhrdr)oxide was prepared according to the 2-line ferrihydrite protocol of 320 Schwertmann and Cornell (2000) , wild type and mutant phenotypes were again what was observed with 321 akaganite and schwertmannite. Freshly prepared mineral was reduced by ΔcbcL to within 67% of wild 322 type after seven days. When this mineral was aged by freeze drying (resulting in XRD-confirmed 2-line 323 ferrihydrite), reduction by ΔcbcL only 30% of wild type, suggesting that freeze drying lowered redox 324 potential of the mineral to a point where the low-potential pathway, encoded by cbcL, became more 325 important. Changing pH by 0.5 units was not sufficient to further alter reduction phenotypes, suggesting 326 that the freeze drying-aging process lowered the redox potential of ferrihydrite much more than 30 mV 327 of pH change could overcome. 328 A general trend emerged during these experiments, consistent with autoclaving, freeze drying, 329 and pH influencing redox potential in similar ways, regardless of the mineral. When reduction by ΔimcH 330 was near wild-type levels, reduction by ΔcbcL was typically at its lowest. When reduction by ΔcbcL was 331 near wild-type levels, ΔimcH cultures failed to reduce the provided electron acceptor. This trend 332 suggests that 1) the two mutants act as an in vivo sensor of initial redox potential, across a suite of 333 minerals, metals, and conditions, and 2) that both systems are employed by wild type bacteria 334 encountering these minerals under normal conditions. 335 Figure 4 represents all reduction data after seven days of incubation, from 17 different XRD-336 characterized mineral forms performed in triplicate with three different strains, ranked according to 337 ∆imcH performance. Because redox potentials of these minerals can not directly measured, the order 338 shown in Figure 4 cannot be directly related to a quantitative measure of actual redox potential. 339
However, the data provides insight into how simple laboratory manipulations can affect experimental 340 outcomes, and how these are linked to redox potential changes.
For example, when ∆imcH mutants lacking the high potential pathway were unable to respire, 342 initial conditions were likely well above 0 V vs. SHE, such as with freshly precipitated minerals in medium 343 at pH 6.3. When exposed to the same high potential minerals, ∆cbcL mutants containing only the high 344 potential pathway were able to perform similar to wild type. As minerals were aged or manipulated to 345 lower their initial redox potential, the CbcL-dependent pathway became increasingly important to 346 achieve wild-type extents of reduction. These incubations highlighted the different contributions of 347
ImcH and CbcL to the initial rate vs. final extent of Fe(III) reduction, respectively. 348
Interestingly, some level of metal reduction was always observed for ΔcbcL mutants exposed to 349 minerals predicted to be very low potential acceptors. This result is similar to previous studies where 350 Based on the overall pattern of responses, we propose that redox potential is a master variable affecting 361 the pathway of extracellular electron acceptor reduction used by G. sulfurreducens. 362
Here Figure 4 363
Cells lacking the CbcL-dependent pathway have increased growth yield. 364
A key question stemming from this work relates to the evolutionary forces selecting for multiple 365 electron transfer pathways at the inner membrane. As cells lacking the ImcH-dependent pathway are 366 often able to completely reduce a provided mineral after a small amount of Fe(II) accumulates, why not 367 encode a single electron transfer pathway and allow it operate at all potentials, thus eliminating the 368 need to encode pathways controlling respiration across multiple redox potential windows? One 369 hypothesis is that the multiple pathways encoded G. sulfurreducens are able to take advantage of the 370 different amounts of energy represented by the spectrum of metal (oxyhydr)oxides, by more efficiently 371 conserving these energy differences. 372
To test this hypothesis, the cell yield of G. sulfurreducens strains in which one pathway was 373 removed was measured. Because ΔcbcL can initially reduce akaganeite, direct comparisons were 374 possible when a low inoculum of each strain was added to medium containing this mineral (autoclaved 375 at pH 6.8, as in Figure 2B ) and incubated. In all experiments, ΔcbcL generated more colony forming units 376 per mol Fe(II) produced than wild type G. sulfurreducens. For each mM of Fe(III) reduced, ΔcbcL 377 produced 2.5 ± 0.3 x 10 6 CFU, while wild type produced 0.8 ± 0.1 and 1.6 ± 0.1 x 10 6 CFU, respectively 378 (n=5 for each strain) ( Figure 5A ). These results indicated that when electron flow was forced through the 379 ImcH-dependent pathway (as in ∆cbcL), more cells were produced per Fe(III) reduced. 380
Cell attachment to mineral particles could confound plate counts in experiments with cells 381 grown on solid particles. In a second series of experiments, medium containing acetate and fumarate 382 was inoculated with cultures at the same stage of akaganeite reduction. Because all wild-type and 383 mutant cultures grow at similar rates with fumarate as the electron acceptor (see Table 1 ), the point at 384 which optical density is detectable is a function of the number of cells in the inoculum. In all of these 385 experiments, ΔcbcL again demonstrated significantly more cells per mol Fe(II) reduced than wild type.
Yield was also measured after a small inoculum of wild type or ΔcbcL cells were allowed to 387 reduce Fe(III)-citrate, and cells were harvested and washed free of soluble iron (which can affect the 388 BCA assay). The ΔcbcL cultures again had a significantly increased protein yield ( Figure 5B ). When 389 standardized to the amount of Fe(II), the yield of cells forced to use only the ImcH pathway was 170% of 390 the wild type using both pathways during complete reduction of Fe(III). 391
Combined with previous data showing that cells using ImcH-dependent pathways support faster 392 growth rates (Zacharoff et al., 2016) , this supports the hypothesis that G. sulfurreducens alters its 393 electron transfer pathway to obtain a higher yield per electron transferred. These data indicate that 394 these electron transfer pathways are able to switch 'on' and 'off' in response to changing redox 395 potential of external electron acceptors. This provides one possible explanation for the complexity and 396 burden associated with encoding multiple pathways of electron transfer across the inner membrane. 397 Addition of schwertmannite to growth medium at pH 6.3 or pH 6.8 alters mineralogy, and mutant behavior: RapidRprecipitationRof anRFeRsulfideRsolutionRwithRhydrogenRperoxideRyieldsRXRDbpureRschwertmanniteR("untreated") PanelRE")RbutRwhenRthisRmineralRsuspensionRisRaddedRto growthRmedium)RabioticRtransformationRisRobservedT AutoclavingRtheseRmediaRleadRtoRfurtherRmineralRtransformationT TreatmentsRaimedRatRraisingRandRloweringRredox potentialRaffectedRreductionRby ∆imcH mutantsRsimilarRtoRresultsRseenRinRFigureR2T 
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